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Abstract 
The permanent deactivation called regeneration of light induced degradation in p-type Czochralski silicon solar cells 
is analyzed in this paper. Industrial solar cells were fabricated with varying hydrogen concentration in the silicon 
nitride anti-reflection layer but with an otherwise identical setup. They are subsequently degraded, annealed and 
regenerated by simultaneous illumination and heating. Measurements of cell parameters reveal the crucial effect of 
hydrogen on the regeneration. 
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1. Introduction 
Efficiencies of advanced cell concepts strongly depend on high carrier diffusion length. In boron-doped 
Czochralski silicon solar cells light induced degradation leads to a fundamental limitation of the bulk 
lifetime and consequently to a limited efficiency [1]. This is caused by the formation of recombination-
active boron-oxygen complexes under illumination [2-5]. At higher temperatures these complexes 
reconstruct, thus a short anneal in the dark is a possibility to reverse the degradation. However, under 
illumination the recombination-active complexes form again. A permanent reversion of this degradation, 
which is called regeneration, can be achieved by simultaneously illuminating and heating the cell [6, 7]. 
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This leads to an almost complete recovery of open circuit voltage and of the bulk carrier lifetime. A 
complete understanding of this process on the atomic level remains unclear. 
It has been presumed that hydrogen diffusing out of the a-SiN:H anti-reflection layer into the bulk 
plays an important role during regeneration [8]. These attempts compare degradation and regeneration 
behavior from solar cells coated with hydrogen containing PECVD (plasma-enhanced chemical-vapor 
deposition) and hydrogen-free LPCVD (low pressure chemical-vapor deposition) silicon nitride. But apart 
from the difference in hydrogen concentration, temperature ramps for example also differ for both 
processes. Other experiments comparing cells coated with PECVD silicon nitride and cells with PA-ALD 
(plasma-assisted atomic layer deposition) aluminum oxide questioned the role of hydrogen during 
regeneration [9]. 
In the experiment presented here an identical setup is used to fabricate solar cells with different 
hydrogen concentrations in the silicon nitride layer. In this way different regeneration behaviors can be 
traced back directly to the hydrogen content.  
2. Approach 
Solar cells are fabricated on p-type Czochralski wafers with a resistivity of 3.2 Ohmcm and a thick-
ness of 200 µm (Fig. 1). After the formation of random pyramids with an alkaline texture a phosphorus 
emitter (sheet resistance Rsh= 65 Ohm/sq.) is established using POCl3, followed by a PSG etch. 
The deposition of a SiN:H anti-reflection coating is used to achieve different hydrogen concentrations 
on the wafer surface and via a subsequent diffusion also in the silicon bulk. The silicon nitride anti-
reflection layer is deposited by a twin magnetron mid-frequency sputter coater manufactured by Applied 
Materials. The hydrogen content of the layer can be varied by using different ammonia fluxes 
(high/medium/no) and by using an optional ammonia plasma pre-treatment [10, 11]. Cells with hydrogen 
containing PECVD silicon nitride coatings are fabricated as a reference. A standard screen printing and 
subsequent fast firing step is carried out for the contact formation. 
 
 
Fig. 1.  Approach for analyzing the degradation, annealing and regeneration behavior. 
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A first degradation is followed by an annealing step to reconstruct the boron-oxygen complexes and 
determine the highest achievable open circuit voltages. After a second degradation the starting point for 
regeneration is reached. Cell parameters are measured before and after each degradation and annealing 
step and during regeneration.  
For degradation the cells are illuminated with 50 W/m² (0.02 sun) for 20 hours. Annealing is done at 
250°C for 20 min and regeneration is a combination of heating and illumination at 1.5 sun. The 
regeneration temperature is set to 140°C which is within the temperature range from 50°C to 220°C used 
in similar experiments [6-8]. Preliminary investigations show that a regeneration time of 2.5 h is 
sufficient. 
3. Results and discussion 
First the results in regard to the processed and degraded cells with varying silicon nitride coatings are 
shown in Fig. 2. It can be seen that a higher flux of ammonia leads to higher open circuit voltages and 
efficiencies which can be explained by a passivation of impurities and defects at the surface and in the 
bulk through hydrogen diffusion [10, 11]. Only cells with lower hydrogen content benefit from an 
additional plasma pre-treatment. Cells already containing higher fractions of hydrogen are not further 
improved. For reliable statistics every group consists of 14 wafers. Therefore differences observed 
between the groups are statistically relevant, even though they are only in the range of a few mV.  
Fig. 2.  Efficiency and open circuit voltage of degraded Cz solar cells with sputtered silicon nitride. Results for hydrogen containing 
PECVD wafers are shown as reference. Higher hydrogen concentration caused by higher ammonia flux leads to higher values. Only 
cells containing less hydrogen benefit from additional plasma pre-treatment. 
For annealing, degradation and regeneration groups without and with high ammonia flux during 
sputtering of the silicon nitride layer (without plasma pre-treatment) are compared. Both groups consist of 
three wafers; three PECVD wafers are investigated as a reference. Fig. 3 shows the evolution of open 
circuit voltage and efficiency during this procedure. 
In the first degradation and annealing cycle the typical decrease and increase in cell parameters is 
observed for all cells. The cells reach a metastable configuration after the annealing step and cell 
parameters decrease as a consequence in the following second degradation. A higher amount of hydrogen 
in the silicon nitride layer amplifies these effects. After the second degradation the starting point for the 
regeneration procedure is reached.  
For wafers with high ammonia flux and thus high hydrogen concentration the highest increase in VOC 
of 3.3 mV and efficiency of 0.3%abs (averaged for three wafers) during the regeneration process is 
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observed. In contrast, wafers without ammonia flux neither improve in VOC (below 0.5 mV) nor in 
efficiency (0.0%abs), nor in fill factor, nor in ISC. For hydrogen containing PECVD wafers an increase of 
2.9 mV and 0.2%abs respectively is observed. These values stay nearly on the same level after a 
subsequent degradation. 
 
 
Fig. 3. Comparison during annealing, degradation and regeneration of cells with sputtered silicon nitride (high and no ammonia 
flux; without plasma pre-treatment) and PECVD silicon nitride coating; each group consists of three wafers. Cells containing a high 
hydrogen concentration benefit from the regeneration step and recover nearly completely. Cells without additional hydrogen in the 
silicon nitride layer do not regenerate and stay on the degraded level. Hydrogen containing PECVD cells also regenerate. One 
PECVD cell suffers from parasitic shunting and reaches only low efficiencies; nevertheless the regeneration behavior is identical. 
This confirms the hypothesis that besides the passivation of interface and bulk defects hydrogen is also 
important for the regeneration of light induced degradation. This can be explained by a diffusion of 
hydrogen into the bulk material and interaction with harmful boron oxygen complexes during 
simultaneous illumination and heating. The observed effect would be even more eminent if material with 
a higher boron concentration is used. Nevertheless, the effect is clearly observable even at low 
concentrations. 
4. Conclusion 
An identical experimental procedure was used for the fabrication of industrial type solar cells from Cz 
wafer material with high and without hydrogen content in the silicon nitride layer. The regeneration of 
light induced degradation by simultaneously illuminating and heating was analyzed. A strong dependence 
on the hydrogen content in the silicon nitride layer for the regeneration behavior was observed. Open 
circuit voltage as well as efficiency of cells with high hydrogen concentration was improved. Cells 
containing hardly any hydrogen in the silicon nitride layer stayed in the degraded state. Therefore this 
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experiment clearly supports the assumption that hydrogen plays a key role during regeneration. This can 
be used for further optimization of Czochralski silicon solar cells. 
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